controlling the lasing mode, emission direction, threshold, and quality factor of whisperinggallery mode lasing is important for practical applications such as optical interconnections, on-chip communications, trace detection, high-density storage, etc. in order to simultaneously control the mode and emission direction and to achieve a high-quality factor in a low-threshold whisper-gallery mode laser, such as a GaN floating microdisk, a novel fabrication design of a microdisk with a vertical slit is proposed. to demonstrate proof of concept, we experimentally measure whispering-gallery mode lasing spectra of microdisks with and without a slit. Our findings suggest that the disks can indeed operate in whispering-gallery mode, and the slit is able to change the optical path in the microcavity without breaking lasing resonance. The slit in the microdisk can also influence the lasing mode, quality factor, and directional emission. Therefore, our study provides a feasible way to control whisperinggallery mode lasing properties.
Recently, the potential use of GaN as an optoelectronic device, especially in ultraviolet (UV) lasers applications, has been attracting increasingly more attention. According to the type of microcavity structure, laser devices can be classified into a few categories: random 1,2 , Fabry-Pérot (FP) [3] [4] [5] , and whispering-gallery mode (WGM) lasers [6] [7] [8] . The smooth surfaces of a WGM laser's microcavity allow for total internal reflection with minimal optical loss, thus producing a high quality factor (Q) and a lower laser threshold than other types of structures. WGM lasing from microcavity has important potential applications in single-particle label-free sensing microdisplays used for imaging and scanning 9, 10 and in the integration of electro-optical devices onto a single wafer [11] [12] [13] [14] . Researchers have been trying to develop a variety of microcavity structures with favorable lasing quality, mode, and directional emission, which are fundamentally important properties for the integration of optoelectronic devices. Directional radiation in lasers has been shown to be achieved by fabrication of microdisks with sharp corners or by deformation of the laser's microcavity [15] [16] [17] . On the other hand, to achieve single-mode lasing, there are several available options: gear-shaped microdisks, distributed feedback (DFB) microstructures 18, 19 , coupled cavities using the Vernier effect [20] [21] [22] , and rotationally-symmetric structures using parity-time symmetry breaking 23, 24 . However, controlling both the lasing mode and directional emission in a laser device remains a challenge in the field of laser research.
In this paper, a floating GaN microdisk with a slit is proposed to control the lasing mode, Q factor, and directional emission of the lasing device by changing the optical path in the microcavity. Characteristics such as the laser threshold, mode number, Q factor, resonance mechanism, and especially the relationship between the WGM laser mode and the vertical gap in the GaN microdisk were analyzed experimentally and theoretically. In addition, we corroborate the experimental lasing spectra with the simulated light fields and emission directions to compare the GaN microdisks without or with the slit. Our study finds that the slit in the disk affects the WGM lasing mode, emission direction, Q factor, and lasing threshold. Hence, this particular structure of a microdisk laser provides a feasible way to control the WGM lasing properties.
Results and Discussion
Figure 1 displays scanning electron microscope (SEM) images of two floating GaN microdisks, without (a) and with(b) a slit, recorded by a Hitachi SU-8010 SEM. The floating diameter of the GaN microdisks is about 10 μm, the thickness 1.7 μm, and the width of the slit is 500 nm. The slit runs through the cavity along the z-axis but does not reach the central point of the microdisk. The top surface of the floating GaN microdisk is smooth, although the smoothness of the side walls is lower due to technical limitations in the etching process. The air gap between the floating microdisks and silicon is about 6 μm; in this way, the excitation light can be effectively confined in a high refractive index contrast (GaN 2.6/air 1) floating GaN microdisk. This is beneficial for achieving a low-threshold WGM laser. To understand the optical performance of GaN microdisks with or without a slit, photoluminescence (PL) and time-resolved photoluminescence (TRPL) spectra were measured by a confocal micro-photoluminescence (µ-PL) spectroscopy system and an optically-triggered streak camera system (Optronic GmbH SC-10) under fs-laser excitation (325 nm, 1000 Hz, 100 fs). As illustrated in Fig. 1 (c), at an excitation power of 18.6 μW, the GaN microdisk with slit shows spontaneous radiation while the one without the slit exhibits mode oscillation. This effect is directly related to the peak with a central wavelength of 373.6 nm in the TRPL spectra in Fig. 1(d) . According to single exponential fitting, the lifetime in the microdisk with the slit is 28.4 ps while in the one without the slit it is 18 ps, indicating better gain properties in the GaN microdisk without the slit.
The GaN microdisks with and without a slit were set as resonant cavities and their lasing performance were studied. To this purpose, a Nd:YAG pulse laser (355 nm,10 Hz, 6 ns) was employed as the excitation light source, with a diameter of the laser beam focus spot of about 10 µm. Depending on the sequence spectrum, the cavity structure can affect laser characteristics such as threshold, rate of increase in laser intensity, number of modes, and resonance position. Figure 2 (a,b) show the spectra of the microdisk without and with the slit, respectively, under different pumping power densities. As shown, the floating microdisk without and with the slit show broad spectra for 150 kW/cm 2 and 180 kW/cm 2 , respectively. This effect can be attributed to spontaneous emission in the GaN material. When the pumping power increases, for the floating microdisk without the slit, two clear lasing peaks can be observed above the excited power density of 180 kW/cm 2 , and four clear peaks above 210 kW/cm 2 . The center of the strongest laser peak is at 377.30 nm. We define the quality factor as Q = λ/Δλ, where λ and Δλ represent the center wavelength and full width at half maximum (FWHM) of the laser peak, respectively. Therefore, at an excitation power density of 210 kW/cm 2 , the Q factor for the strongest peak is about 1300. As for the floating GaN microdisk with a slit, two clear laser modes can be observed, which disappear at excited power densities above 240 kW/cm 2 . The center position of the strongest lasing peak is 376.03 nm and the FWHM is 0.2 nm. At an excitation power of 240 kW/cm 2 , the Q factor of the highest peak is about 1800. Considering the Q factors and cavity structure, the data in Fig. 2 suggests that the microdisks are operating in WGM. As the pumped power density increases, the output lasing intensity of the two types of microdisks becomes stronger, and the number of lasing peaks increases, whereas the position of the strongest resonant peak for each microdisk remains nearly the same. A small red shift of the cavity mode can be observed if we compare the lasing spectrum of the GaN microdisk with and without a slit. The free spectral range (FSR) of the cavity without the slit is about 1.22 nm and for the one with the slit 1.33 nm. For a WGM cavity, the FSR is a function of the diameter D, resonant wavelength λ, wavelength-dependent refractive index, and of the dispersion relation of the refractive index. According to Eq. 1, the increase of the FSR is caused by the slit and can be explained by the decrease in the diameter of the cavity: www.nature.com/scientificreports www.nature.com/scientificreports/ of the microdisks switch from spontaneous emission to stimulated radiation. The increasing rate of stimulated emission intensity of the microdisk with the slit is smaller than that of the microdisk without the slit. Moreover, the two types of microdisks exhibit different emission intensities at the same excitation power density. The plots of the threshold and intensity increase rate also show that the optical loss in the microdisk with a slit is greater than that of the microdisk without the slit. The number of lasing peaks exhibited by the two types of microdisks is also different, as shown in Fig. 2(a,b) . For example, when the excitation power density is 270 kW/cm 2 , the number of laser modes in the microdisk without and with slit is 5 and 2, respectively. We note that the number of lasing modes of the microdisk with slit is always smaller than that of the microdisk without the slit. Figure 2(d) presents the relationship between the fitted FWHM of the main lasing peak and the pumping power density. The two types of microdisks display different FWHM at the same excitation power density. The FWHM of the floating GaN microdisk with a slit is narrower than the FWHM without a slit. At the excitation power densities of 210 kW/cm 2 and 240 kW/cm 2 , the laser Q factor of the floating GaN microdisk without and with slit is 1300 and 1800, respectively. This suggests that the slit structure can influence the lasing mode and Q factor through the following process: the slit of the microdisk generates an air gap, which changes the optical path in the microcavity and the lasing mode without damaging the lasing resonant loop. In addition, the slit width can reselect the lasing mode of the microdisk. An unusual result in Fig. 2(a,b) is that the Q factor is larger for the GaN disk with the slit. This cannot be explained by gain and loss competition, since the TRPL result in Fig. 1(d) indicates poor gain properties for the GaN disk with slit. It could be possible that the electron beam lithography (EBL) or the reactive ion etching process caused some degree of surface passivation to the slit, which in turn could have increased the Q factor of the cavity.
The transverse electric field (TE) profile of the microdisk was analyzed using the commercial two-dimensional simulation software COMSOL Multiphysics 25 to further explore the WGM laser characteristics of the two types of floating GaN microdisks. GaN is a birefringent crystal material with a hexagonal wurtzite structure. Therefore, the TM mode of the GaN microdisk in the UV range is very weak and difficult to detect compared to the TE mode. Thus, in this study, we only analyzed the TE polarized mode of the GaN microdisks. The simulated cross-sectional diameters for both types of microdisks were set to 10 μm, and the width of the slit to about 500 nm. The refractive index of GaN was taken as 2.6 at a wavelength of 375 nm. We calculated that the resonant wavelength of GaN without the slit is 377.3 nm and with the slit 376.03 nm. Figure 3(a,b) present the light field distributions of the www.nature.com/scientificreports www.nature.com/scientificreports/ two types of microdisks obtained from the COMSOL simulations. The resulting TE fields are circle-field distributions, which suggest that both disks operate in the WGM regime. The mode interval of the microdisk without the slit is less than that of the microdisk with the slit, which suggests that the former has a larger number of WGMs than the latter. This is consistent with the numbers of peaks in the spectra in Fig. 2(a,b) . Thus, the difference in the mode intervals shows that the air gap can influence the WGM. Furthermore, the slit of the microdisk can also regulate the directional radiation of WGM lasing. The microdisk with the slit emits three-directional radiation, as shown in Fig. 3(d) , which may be beneficial to its integration with other optoelectronic devices. This phenomenon can also be confirmed by the optical image of GaN with slit under a 355 nm laser excitation, as shown in Fig. 3(c) . One can observe that the GaN disk with slit can also trap light in the cavity. Due to the existence of slit, light will escape through the slit.
The GaN refractive index for the TE polarization mode can be calculated using Sellmeier's dispersion equation 26 The refractive index of GaN at wavelength λ is represented by n. According to the simulation results of the light field distribution, the lasing spectra from the floating GaN microdisks correspond to WGM lasing, which obeys the following mode equation 14,15 :
where D represents the diameter of the microdisk and n is the refractive index of GaN. There are two WGMs in the lasing spectra. Accodeing to the spectra in Fig. 3 and Eq. 3, the possible diameters of the floating GaN microdisk without the slit are D 1 = 9.35 µm and D 2 = 9.32 µm and of the disk with slit is D 3 = 9.95 µm. Figure 4 (a) shows the dispersion relation N-λ for the WGM at the pump power density of 270 kW/cm 2 . The N-λ curve describes the relationship between the number N of lasing emission modes and the wavelength λ. The intersection point of any vertical line with the lasing spectra and the N-λ curve is an integer, which is exactly the number of lasing modes for the corresponding peak. This confirms that we obtain WGM lasing in our device. The dispersion diagram also illustrates the refractive index of GaN at the different peaks. We index the lasing modes of the GaN microdisk without the slit as follows: 205, 206 for diameter D 1 and 201, 202, and 203 for D 2 , as shown in Fig. 4(a) . Similarly, Fig. 4(b) presents the dispersion relation N-λ for the WGMs in the microdisk with the slit and at a pumping power density of 300 kW/cm 2 . The lasing modes are indexed as follows: 205 and 206 for the GaN microdisk without slit and diameter D 1 and 217, 218, and 219 for the microdisk with slit and diameter D, as shown in Fig. 4(b) . The experimentally-determined resonant wavelengths are in good agreement with our simulations of the light field distributions. www.nature.com/scientificreports www.nature.com/scientificreports/ To summarize, we synthesized two types of floating GaN microdisks, without and with a slit, by GaN dry etching and HNF solution isotropic wet etching, respectively. The silicon substrates were etched by photolithography. Subsequently, UV WGM lasing was obtained by optical pumping. The present study finds that the floating GaN microdisk with a slit is able to influence the lasing mode, Q factor, and directional emission, perhaps due to the fact that the slit structure changes the optical path in the microdisk. Furthermore, we investigated the resonance mechanism and the TE light field distribution of the two types of floating GaN microdisks using COMSOL simulations. Hence, our work contributes to the fields of light-matter interactions and integrated photovoltaic systems by providing a feasible way to control the whispering-gallery mode lasing properties in a floating GaN microdisk. experimental details. The floating GaN microdisks were fabricated on a commercial GaN-on-silicon wafer, with the following thicknesses of the component layers: 1.7 μm for GaN and 1500 μm for the silicon substrate. The manufacturing process of the floating GaN microdisk is as shown in Fig. 5 . First, a pattern was defined on a wafer by electron beam lithography. Subsequently, a 230 nm hard mask of metallic nickel was deposited by magnetron sputtering (steps a, b, and c). After the residual photoresist was removed (step d), a 1.7 μm etch was performed from the top (step e), and the wafer was etched to the silicon layer. The specific parameters of the reactive ion etching (ICP) etching process were as follows. The flow rates were 30 sccm for argon, 20 sccm for chlorine, and 20 sccm for boron trichloride. The applied power was set to 500 W and the pressure to 60 mTorr for 7 minutes; the etching rate of GaN was about 300 nm/minute. After removing the residual nickel film with a dilute nitric acid solution (step f), the GaN microdisk was undercut using an HNF (HF:HNO 3 = 1:9) isotropic wet-etching solution and a large air gap (5 µm) was created under the GaN microdisk. A small silicon pillar under the disk was retained for mechanical support. Along the vertical direction of the GaN microdisk, the optical confinement capability of the fabricated device was improved, and the optical loss due to the removal of the silicon substrate was reduced. Finally, the GaN microdisk was suspended in air by the silicon pillar support (step g). The GaN microdisk with the slit was fabricated by following the exact same steps, with the only difference that a pattern with a slit was used in the first step. 
